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Autophagy is a highly conserved catabolic process
that degrades and recycles intracellular components
through the lysosomes. Atg9 is the only integral
membrane protein among autophagy-related (Atg)
proteins thought to carry the membrane source
for forming autophagosomes. Here we show that
Drosophila Atg9 interacts with Drosophila tumor
necrosis factor receptor-associated factor 2
(dTRAF2) to regulate the c-Jun N-terminal kinase
(JNK) signaling pathway. Significantly, depletion of
Atg9 and dTRAF2 compromised JNK-mediated in-
testinal stem cell proliferation and autophagy induc-
tion upon bacterial infection and oxidative stress
stimulation. In mammalian cells, mAtg9 interacts
with TRAF6, the homolog of dTRAF2, and plays an
essential role in regulating oxidative stress-induced
JNK activation. Moreover, we found that ROS-
induced autophagy acts as a negative feedback
regulator of JNK activity by dissociating Atg9/
mAtg9 from dTRAF2/TRAF6 in Drosophila and
mammalian cells, respectively. Our findings indicate
a dual role for Atg9 in the regulation of JNK signaling
and autophagy under oxidative stress conditions.
INTRODUCTION
Macroautophagy (hereafter autophagy) is a conserved catabolic
pathway in which double membrane vesicles called autophago-
somes engulf macromolecules or organelles. Subsequently,
autophagosomes fuse with lysosomes to form autolysosomes
where degradation occurs (Mizushima, 2007). Autophagy is
involved in cytoprotective responses to environmental stresses,
stem cell maintenance and differentiation, tumorigenesis, and
programmed cell death (Kroemer et al., 2010; Mizushima
et al., 2008; Vessoni et al., 2012). There have been more than
30 autophagy-related (Atg) genes essential for autophagy pro-
cess identified through genetic screens in yeast (Klionsky
et al., 2003). Atg9 is the only one identified as a transmembrane
protein, and it has been thought to promote lipid transport to theDevelopmforming autophagosomes (Webber and Tooze, 2010b).
Mammalian Atg9 (mAtg9) localizes on the trans-Golgi network
and endosomes under nutrient-rich conditions, whereas it trans-
locates to forming autophagosomes under starvation conditions
(Orsi et al., 2012; Young et al., 2006). The recycling of mAtg9
during autophagy is regulated by several proteins including
Ulk1, ZIPK, mAtg13, and p38IP (Tang et al., 2011; Webber and
Tooze, 2010a; Young et al., 2006). Interestingly, one recent
study has reported that mAtg9 modulates innate immune
response in an autophagy-independent manner (Saitoh et al.,
2009). However, the physiological functions of Atg9 remain
elusive.
Reactive oxygen species are highly reactive free radicals that
can cause irreversible oxidative damage to proteins, lipids, or
nucleotides in cells (Adler et al., 1999b). Excessive production
of ROS or depletion of antioxidants causes oxidative stress
that often leads to cell dysfunction and diseases such as neuro-
degeneration, cancer, and aging (Valko et al., 2007).More impor-
tantly, ROS also plays critical roles in host defense and in the
regulation of various cellular signaling pathways (Ray et al.,
2012). The ROS-induced signaling pathways include several
mitogen-activated protein (MAP) kinase cascades involving the
c-Jun NH2-terminal kinase (JNK) and p38 MAP kinase (Matsu-
zawa and Ichijo, 2008; McCubrey et al., 2006). The JNK signaling
pathway regulates diverse biological functions, including
apoptosis, cytoprotection, metabolism, and epithelial homeo-
stasis in response to several cytokines and environmental
stresses (Johnson and Nakamura, 2007; Weston and Davis,
2007). Depending on the duration and magnitude of exposure,
ROS-induced JNK activation may lead to the promotion of either
cell survival or apoptosis (Matsuzawa and Ichijo, 2008). In
Drosophila, JNK signaling was found to protect cells from oxida-
tive stress and extend lifespan of adult flies (Biteau et al., 2011;
Wang et al., 2003). Buchon et al. showed that JNK pathway is
required for intestinal epithelium renewal during bacterial infec-
tion-induced ROS/oxidative stress (Buchon et al., 2009a). One
of the mechanisms that JNK meditates to protect flies against
acute oxidative insults is the activation of autophagy. In
response to oxidative stress, JNK signaling stimulates the
expression of several ATG genes (Wu et al., 2009). Several recent
studies have reported that overexpression of ATG genes and
activation of autophagy are sufficient to extend lifespan and
confer stress resistance in Drosophila (Juha´sz et al., 2007;
Simonsen et al., 2008).ental Cell 27, 489–503, December 9, 2013 ª2013 Elsevier Inc. 489
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been shown that signaling molecules, including apoptosis
signal-regulating kinase (Ask1), glutathione S-transferase Pi
(GSTp), and Src kinase can function as molecular links between
ROS and JNK (Shen and Liu, 2006). Ask1 is a MAPKKK that
activates JNK by phosphorylating MKK4/7 (Ichijo et al., 1997).
Under normal physiological conditions, Ask1 is inhibited by
forming a complex with the redox regulatory protein thioredoxin.
Upon exposure to ROS/oxidative stress, the oxidized thiore-
doxin dissociates from Ask1 and results in the activation of
Ask1 signaling pathway (Saitoh et al., 1998). Adler et al. have
identified GSTp as a JNK inhibitor (Adler et al., 1999a). Under
oxidative conditions, GSTp forms oligomers and dissociates
from JNK, leading to JNK activation. A number of reports have
also shown the involvement of Src and its downstream targets
in H2O2-induced JNK activation (Chen et al., 2001; Yoshizumi
et al., 2000), although the underlying molecular mechanism
remains elusive. Recently, tumor necrosis factor receptor-asso-
ciated factors (TRAFs) have been found to be involved in ROS-
mediated JNK activation. In mammals, the TRAF family consists
of seven members and functions as scaffold proteins that link
cell surface receptors to the downstream effectors (Bradley
and Pober, 2001). Among them, TRAF2 and TRAF6 are found
to associate with Ask1 and form the active Ask1 signalsome in
response to ROS stimulation (Fujino et al., 2007; Noguchi
et al., 2005). Moreover, Xu et al. showed the involvement of
TRAF4 in oxidative activation of JNK via its interaction with the
NAD(P)H oxidase p47phox (Xu et al., 2002). The Drosophila
TRAF2 (dTRAF2), a homolog of human TRAF6, was found to
mediate Eiger/Wegen (tumor necrosis factor/tumor necrosis fac-
tor receptor [TNF/TNFR])-induced JNK signaling (Xue et al.,
2007). However, the role of dTRAF2 in ROS-mediated JNK acti-
vation remains unclear.
In this study, we identified a biological function of Atg9 in regu-
lation of JNK signaling pathway. We discovered that Drosophila
Atg9 can activate JNK signaling through its interaction with
dTRAF2. Depletion of Atg9 compromised oxidative stress-
induced JNK activation, the JNK-mediated epithelium renewal,
and autophagy induction. In mammalian cells, mAtg9 was found
to be essential for JNK activation in response to ROS/oxidative
stress, indicating a highly conserved role of Atg9 in regulating
JNK activity. We further found that ROS-induced autophagy
negative feedback regulates JNK activity through the dissocia-
tion of Atg9/mAtg9 from dTRAF2/TRAF6 in Drosophila and
mammalian cells, respectively. These findings provide insights
into the crosstalk between autophagy and JNK signaling
pathway in response to oxidative stress.
RESULTS
Drosophila Atg9 Is Required for Starvation-Induced
Autophagy
The transmembrane protein Atg9 functions as a membrane
carrier that cycles between different membrane compartments
and is essential for autophagosome formation (Webber and
Tooze, 2010b). To investigate the role ofDrosophila Atg9 in auto-
phagy, we obtained multiple transgenic lines that express dou-
ble-stranded RNA (dsRNA) targeting Atg9 under the control of
GAL4/UAS system. Immunofluorescence and immunoblot ana-490 Developmental Cell 27, 489–503, December 9, 2013 ª2013 Elsevlyses revealed that Atg9 dsRNA could effectively knock down
the endogenous Atg9 (Figures 1A–1C). Under nutrient-rich
conditions, the endogenous Atg9 could be detected throughout
the cytoplasm in small punctate structures and at the cell-cell
junction in larval fat body (Figure 1A). Upon nutrient deprivation,
Atg9 was found to form distinct puncta that largely colocalized
with mCherry-Atg8a-positive autophagosomes (Figure 1B).
Notably, some of the Atg9 was detected as cup-shaped and
ring-like structures around mCherry-Atg8a-containing autopha-
gosomes. Moreover, depletion of Atg9 in flip-out Gal4 clones
in the larval fat body led to a marked decrease of mCherry-
Atg8a puncta under starvation conditions and this could be
rescued by coexpression of wild-type Atg9 (Figure 1B; Fig-
ure S1A available online), suggesting that Atg9 is required for
starvation-induced autophagy in Drosophila. We further found
that Atg9 depletion impaired rapamycin-induced autophagy in
the developing eye imaginal disc and developmentally induced
autophagy in the larval fat body (Figure S1B, data not shown).
These results together demonstrate that Drosophila Atg9 is a
bona fide autophagy protein.
It has been shown that overexpression of Drosophila Atg1
induces autophagy and apoptotic cell death (Scott et al.,
2007). Epistasis analysis revealed that depletion of Atg9 can
rescue Atg1-induced eye and wing defects (Figures S1C and
S1D). We next examined the effects of Atg9 overexpression in
autophagy. Overexpression of Atg9 in the developing eye under
the control of the GMR-Gal4 driver, which drives the expression
ofAtg9 in cells posterior to themorphogenetic furrow, resulted in
a reduction in eye size, associated with a rough eye phenotype
(compare Figures 1D and 1E). The Atg9-induced rough eye
phenotype was rescued by coexpressing of caspase inhibitors,
p35 and DIAP1, indicating that Atg9 may induce caspase-
dependent cell death (Figures 1F and S2A). Indeed, we observed
a marked increase of cleaved caspase-3 levels in Atg9-overex-
pressing eye imaginal discs compared to GMR-Gal4 controls
(Figures 1D0 and 1E0). Atg9-induced caspase-3 activation was
noticeably abolished in eye discs coexpressing p35 or DIAP1
(Figures 1F0 and S2A). Consistent with the observation in the
eye, overexpression of Atg9 in the developing wing with ptc-
Gal4 driver induced caspase-3 cleavage, which could be
blocked by coexpressing p35 and DIAP1 (Figure S2B, data not
shown). We then tested whether Atg9, similar to Atg1, could
induce cell death through autophagy. To our surprise, we found
that overexpression of Atg9 could not induce autophagy under
nutrient-rich conditions (Figure S1E). Moreover, depletion of
autophagy regulators such as Atg7 and Atg12 failed to rescue
Atg9-induced cell death (Figures 1G and S2A). Taken together,
these data strongly suggest that Atg9 induces cell death in an
autophagy-independent manner.
Atg9 Activates the JNK Signaling Pathway
To identify cellular signaling pathways responsible for the Atg9-
induced cell death, we investigated genetic interactions be-
tween Atg9 and various signaling molecules associated with
cell death pathways. Among them, we found that Atg9 geneti-
cally interacted with components in the c-Jun N-terminal kinase
(JNK)-mediated pathway. JNK signaling plays a crucial role in
regulation of cell death (Igaki, 2009; Kanda and Miura, 2004).
Significantly, Atg9-induction of the rough eye phenotype canier Inc.
Figure 1. Functional Characterization of Drosophila Atg9
(A and B) Drosophila Atg9 is required for starvation-induced autophagy. Compared with the fed condition (A), starvation induced punctate localization of
mCherry-Atg8a and Atg9 in larval fat body cells (B). Clonal expression of Atg9RNAi markedly suppressed mCherry-Atg8a and Atg9 puncta formation during
starvation. GFP-positive cells circled with dotted lines represent the cells expressing Atg9RNAi. Cells outside the circled dotted lines are those used as controls.
The larval fat body cells were stained with DAPI and anti-Atg9 antibody. High-magnification views of the regions indicated by the white squares are shown at the
bottom. Scale bar, 20 mm. Genotype: hsflp; r4-mCherryAtg8a, Act>CD2>Gal4, UAS-GFP-nls; UAS-Atg9RNAi/+.
(C) Western blot analysis of Atg9 expression in control flies (Tub-Gal4) or in flies expressing Atg9RNAi, Atg9IR#1, or Atg9IR#2 with Tub-Gal4.
(D–J and D0–J0) Atg9 genetically interacted with JNK signaling. Compared with controls (D), ectopic expression of Atg9 by eye-specific GMR-Gal4 resulted in a
rough eye phenotype (E). The Atg9-induced eye defects were rescued by coexpression of the caspase inhibitor p35 (F), dominant negativeBsk (BskDN) (H),Puc (I),
or dTRAF2RNAi (J), but not Atg7RNAi (G). Third-instar larval eye imaginal discs fromGMR-Gal4 controls or flies expressing indicated transgenes were stained with
anti-cleaved caspase-3 antibody (D0–J0). Flies were raised at 29C.
See also Figures S1 and S2.
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Figure 2. Atg9 Interacts with dTRAF2 to Regulate JNK Signaling
(A–G) Atg9 overexpression induces JNK activation. Third-instar wing imaginal discs from ptc-Gal4 controls (A) or flies expressing Flag-tagged Atg9 (B), Flag-
tagged Atg9DC (C), Flag-tagged Atg9 and BskDN (D), Flag-tagged Atg9 and Puc (E), Flag-tagged Atg9 and HepmiRNA (F), Flag-tagged Atg9 and dTRAF2RNAi (G)
were stained with anti-Flag (green) and anti-phospho-JNK antibodies (red).
(H) Lysates of flies expressing Flag-dTRAF2with Tub-Gal4were used for immunoprecipitation (IP) with IgG control or anti-Atg9 antibody. The immunoprecipitates
and fly lysates were analyzed by immunoblotting (IB) with the indicated antibodies.
(legend continued on next page)
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Basket (Bsk,Drosophila JNK) or the JNK phosphatase Puckered
(Puc; Figures 1H and 1I). Immunostaining analysis also
showed a marked decrease of active caspase-3 in eye and
wing imaginal discs expressing Atg9 and BskDN or Puc (Figures
1H0, 1I0, and S2B).
To test whether the JNK pathway was activated by Atg9, we
used two independent methods to assess JNK activation in
wing imaginal disc expressing Atg9. We first examined whether
Atg9 promoted the activation of JNK signaling using anti-phos-
pho-JNK antibody. As shown in Figure 2B, Atg9 overexpression
caused a marked increase in the level of phosphorylated JNK.
Coexpression of BskDN or Puc decreased Atg9-induced JNK
phosphorylation (compare Figures 2B, 2D, and 2E). Puc, a tran-
scriptional target of JNK signaling, encodes a dual specificity
phosphatase that inhibits JNK activity through a negative feed-
back mechanism (Martı´n-Blanco et al., 1998). We further used
the pucB48-LacZ enhancer trap line to measure the effect of
Atg9 on the activity of JNK signaling in vivo. A strong induction
of pucB48-LacZ expression was observed in Atg9-expressing
cells, but not in controls or in cells coexpressing BskDN or Puc
(Figure S3A), indicating that JNK pathway is activated by Atg9.
Together, these data indicate that Atg9 may act as an activator
of JNK signaling.
Atg9 Interacts with dTRAF2 to Activate the JNK-
Signaling Pathway
Drosophila genetic and biochemical studies have shown that
JNK-mediated cell death can be activated by a signaling
cascade involving the Drosophila homologs of TNF/TNFR
(Eiger and Wengen), the TNF receptor-associated factors
(dTRAF1 and dTRAF2), JNK kinase homolog Hemipterous
(Hep), and Bsk (Cha et al., 2003; Kauppila et al., 2003; Xue
et al., 2007). To determine how Atg9 activate JNK signaling,
we tested genetic interactions between Atg9 and the Eiger/
Wengen pathway. Epistasis analysis revealed that RNAi-
mediated knockdown of Atg9 could only weakly suppress
Eiger-induced cell death inmale but not female flies (Figure S3B).
Moreover, ablation of either Eiger or Wengen had no effect on
Atg9-induced rough eye phenotype (data not shown). In
contrast, depletion of dTRAF2 and Hep, but not dTRAF1,
strongly suppressed Atg9-induced JNK activation and cell death
in developing eye and wing (Figures 1J, 1J0, 2F, 2G, S2A, S2B,
and S3A), suggesting that dTRAF2 and Hep act downstream of
Atg9 in the regulation of JNK activation. We next tested whether
JNK signaling is required for starvation-induced autophagy in
Drosophila fat body. Consistent with the previous report (Wu
et al., 2009), depletion of dTRAF2, Hep, and JNK, or overexpres-
sion of Puc did not affect autophagy in animals under fed or
starved conditions (Figure S3C).(I) Lysates from Tub-Gal4 controls or Tub-Gal4-driven dTRAF2 overexpressing fl
precipitates and fly lysates were analyzed by immunoblotting with the indicated
(J) Schematic presentation of the domain structure and deletion mutants of Atg9
(K) Bacterially expressed GST, GST-Atg9-N, or GST-Atg9-C was incubated with
products and input HA-dTARF2 were analyzed by immunoblotting with the HA an
staining (bottom).
(L) Third-instar wing imaginal discs from flies expressing Flag-tagged Atg9 or
anti-cleaved caspase-3 antibodies (blue). Scale bar, 20 mm.
See also Figure S3.
DevelopmThe TRAF family adaptor proteins are involved in regulating a
variety of signaling pathways (Bradley and Pober, 2001). To
further elucidate the genetic interaction between Atg9 and
dTRAF2, we investigated whether Atg9 physically interacted
with dTRAF2. Immunoblotting of the anti-Atg9 immunopreci-
pates from fly lysates that expressed Flag-tagged dTRAF2
revealed coprecipitation between Atg9 and dTRAF2 (Figure 2H).
Similarly, Atg9 was specifically coimmunoprecipitated by Flag-
tagged dTRAF2 (Figure 2I). Next, to determine whether there
was a direct interaction between Atg9 and dTRAF2 and to deter-
mine the region of Atg9 responsible for its interaction with
dTRAF2, we performed GST-pull-down assays with in vitro
translated HA-tagged dTRAF2 and bacterially expressed GST-
Atg9-N (amino acids [aa] 1–100) and GST-Atg9-C (aa 668–845)
(Figure 2J). As shown in Figure 2K, dTARF2 specifically inter-
acted with the C-terminal region of Atg9 (GST-Atg9-C), but not
the N-terminal region. Unexpectedly, we found that overexpres-
sion of Atg9DC (aa 1–668) can still induce JNK activation and cell
death (Figures 2C and 2L). In addition to the C-terminal 178
amino acids, other regions of Atg9 may interact with dTRAF2
to activate the JNK signaling pathway.
Atg9-Mediated JNK Activation Confers Resistance to
Oxidative Stress in Drosophila
Many stress stimuli such as UV radiation and oxidative stress
have been shown to induce the activation of JNK signaling
pathway that leads to cell survival or cell death (Ip and Davis,
1998; Liu and Lin, 2005). In Drosophila, JNK signaling is also
known to play an important role in protecting hosts against
oxidative stress-induced damage and extending lifespan (Biteau
et al., 2011; Wang et al., 2003, 2005). To determine whether Atg9
played a role in mediating JNK activation under stress condi-
tions, we first examined the requirement of Atg9 on the viability
of adult fly in response to oxidative stress. It has been shown
thatDrosophila infected with a Gram-negative bacterium Erwinia
carotovora carotovora 15 (Ecc15) or ingestion of the free radical
generator paraquat will induce a burst of reactive oxygen spe-
cies (ROS) in the gut leading to JNK activation (Buchon et al.,
2009a). We found that, as described previously (Wang et al.,
2003), flies heterozygous for puc (genotype Act5c-Gal4;
pucB48/+) exhibited an increased level of JNK activity and
were more resistant against paraquat- and Ecc15-induced
oxidative stress than control animals (Figures 3A, 3B, and
S4A). Depletion of Atg9 in the pucB48/+ strain caused a marked
decrease in oxidative stress-induced JNK activation and a signif-
icant increase in mortality (Figures 3A, 3B, and S4A). Consistent
with this, reduced expression of dTRAF2 in pucB48/+ strain also
resulted in an inhibition of JNK activation and increased death
rate (Figures 3A, 3B, and S4A). These data indicate that Atg9-
dTRAF2-mediated JNK activation provides a protective functionies were used for immunoprecipitation with anti-Flag antibody. The immuno-
antibodies.
.
in vitro translated HA-tagged dTRAF2 in GST pull-down assays. The pull-down
tibody. The relative levels of GST fusion proteins are shown by Coomassie blue
Flag-tagged Atg9DC with ptc-Gal4 were stained with anti-Flag (green) and
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Figure 3. Atg9 and dTRAF2 Are Required for Oxidative Stress-Induced JNK Activation and Autophagy Induction
(A) The depletion of Atg9 and dTRAF2 increased sensitivity to oxidative stress. Actin5C-Gal4 control or flies overexpressing dTRAF2RNAi, Atg9RNAi, or Atg12RNAi,
in a heterozygous pucB48 or wild-type backgroundwere fedwith paraquat (40mM) to induce oxidative stress. Histogram illustrating the survival curve of adult flies
of denoted genotypes. Data are mean ± SE from triplicate experiments (n > 50 flies/genotype/treatment). The p values were calculated using Student’s t test. *p <
0.05, **p < 0.01, ***p < 0.001.
(B) The flies described as in (A) were fedwith paraquat for 4 hr and the guts were then lysed for immunoblotting with antibodies as indicated. Numbers below lanes
indicate band intensity relative to that of untreated control flies.
(C–H) Depletion of Atg9 and dTRAF2 impaired the JNK-mediated autophagosome formation in response to oxidative stress. Compared to the gut cells of un-
challenged flies (control) (C), adult flies fed with paraquat caused a marked increase of GFP-Atg8a puncta formation and JNK phosphorylation (D). Clonal
(legend continued on next page)
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Drosophila.
Wu and colleagues (Wu et al., 2009) have shown that JNK
signaling plays an essential role in mediating oxidative stress-
induced autophagy in the Drosophila gut cells. JNK signaling
can transcriptionally activate expression of autophagy-related
(ATG) genes and provide a stress protective function against
ROS (Wu et al., 2009). We also observed a marked increase of
Atg9 expression in flies fed with paraquat or Ecc15 (Figures
3B, 3D, S4B, and S4C). We further tested whether other
‘‘core’’ components of autophagy machinery also regulates
JNK activation under oxidative stress conditions like Atg9. Inter-
estingly, unlike Atg9, Atg12 was not required for paraquat or
Ecc15-induced JNK activation (Figures 3B, 3H, and S4G).
Next, we investigated whether Atg9 and dTARF2 were
required for JNK-induced autophagy under oxidative stress
conditions. We generated flip-out clones of GFP-Atg8a positive
cells in Drosophila adult gut. Ingestion of Ecc15 or paraquat led
to a redistribution of GFP-Atg8a from a uniformly diffuse localiza-
tion pattern to punctate structures (Figures 3D and S4C). The
formation of these GTP-Atg8a puncta was blocked by depletion
of Atg12, suggesting that these punctate structures are auto-
phagy-related vesicles (Figures 3H and S4G). Moreover, inhibi-
tion of JNK activation by overexpressing BskDN in gut cells
abrogated JNK phosphorylation and the formation of GFP-
Atg8a puncta under oxidative stress conditions (Figures 3E
and S4D). Similarly, we observed a marked decrease in JNK
phosphorylation and GFP-Atg8a puncta formation in Atg9 or
dTRAF2 depleted clones (Figures 3F, 3G, S4E, and S4F). These
results demonstrate that Atg9 and dTRAF2 are required for JNK
activation and JNK-mediated autophagy induction upon oxida-
tive stress stimulation.
Atg9 Is Required for JNK-Mediated Stem Cell
Proliferation in Drosophila Midgut during Oxidative
Stress
Besides its function in the regulation of autophagy, JNK signaling
has been linked to intestinal stem cell (ISC) proliferation during
bacterial infection and oxidative damage (Biteau et al., 2008;
Buchon et al., 2009a). Drosophila adult midgut homeostasis is
maintained by multipotent ISCs that divide asymmetrically to
generate both self-renewing ISCs and immature enteroblasts
(EBs), which further differentiate into either absorptive entero-
cytes (ECs) or secretory enteroendocrine cells (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006). The JNK
signaling pathway is activated in both enterocytes and ISCs
upon bacterial infection (Buchon et al., 2009b). These findings
prompted us to investigate the role of Atg9-dTRAF2 in mediating
JNK activation and ISC proliferation in enterocytes and ISCs
under oxidative stress conditions. We first assessed the intesti-
nal epithelium renewal by expressing Atg9RNAi and dTRAF2RNAi
along with GFP using the heat-inducible escargot (esg)-Gal4
Gal80ts system. The esg-Gal4/UAS-GFP marks ISCs and enter-
oblasts in adult Drosophila midgut (Micchelli and Perrimon,expression of BskDN (E), dTRAF2RNAi (F), or Atg9RNAi (G), markedly suppressed G
expression ofAtg12RNAi blocked the formation of GFP-Atg8a puncta and increase
phospho-JNK, and anti-Atg9 antibodies. Scale bar, 20 mm. See Supplemental E
See also Figure S4.
Developm2006). As previously reported, feeding adult flies with Ecc15 or
paraquat induced a marked increase in the number of esg-
Gal4/UAS-GFP positive cells in midgut epithelium (Figures 4A,
4B, S5A, and S5B; Buchon et al., 2009a). Abrogation of JNK
activation by overexpressing dominant-negative JNK (BskDN)
or JNK phosphatase Puc impaired ISC proliferation (Figures
4C and S5C, data not shown). Importantly, depletion of Atg9
and dTRAF2 blocked JNK activation and dramatically reduced
the number of esg-Gal4/UAS-GFP positive cells in the gut
upon ingestion of Ecc15 and paraquat (Figures 4D, 4E, 4G,
S5D, and S5E). ISCs are the only cells within the adult midgut
that undergo mitosis (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2007). To determine whether Atg9 and dTRAF2
were required for ISC division, we stained adult gut with the
mitotic marker Phospho-Histon3 (PH3). Immunostaining anal-
ysis revealed a significant reduction in the number of PH3+ cells
in Atg9RNAi and dTRAF2RNAi guts (Figures 4H and S5G). We
further found that depletion of Atg9 and dTRAF2 in enterocytes
using an EC-specific driver, NP1-Gal4 (Myo1A-Gal4), caused a
significant decrease in ROS-induced JNK activation and ISC
proliferation (Figures 4I and S5H). Together, these results indi-
cate that Atg9-dTRAF2 mediates JNK activation in both entero-
cytes and ISCs, which leads to ISC proliferation under oxidative
stress conditions.
Autophagy Negative Feedback Regulates JNK
Activation under Oxidative Stress Conditions
While the JNK signaling pathway plays an important role in the
induction of autophagy under oxidative stress conditions (Wu
et al., 2009), we noticed that inhibition of autophagy by depletion
of Atg12 in flies orally infected with Ecc15 or fed with paraquat
caused a substantial increase in JNK activity and ISC prolifera-
tion (Figures 3B, 4F–4I, 5A, S5F, and S5G). Similarly, an increase
in JNK activation and ISC proliferation was observed in Atg7 null
mutant midguts in response to oxidative stress compared with
controls (Figures S5I–S5K). These results implicate that
autophagy may act as a negative feedback regulator for JNK
activation during oxidative stress. To further investigate the
mechanism through which autophagy negative feedback regu-
lates JNK activation under oxidative stress conditions, we
checked the relationship between Atg9-dTRAF2 association
and JNK phosphorylation at different time points (0, 2, 4, and
8 hr) after Ecc15 infection. Immunoblot analysis revealed a
weak interaction between Atg9 and dTRAF2 and a low level of
JNK phosphorylation in normal gut cells (Figure 5B). A strong
interaction between Atg9 and dTRAF2 that coincided with JNK
activation was observed 4 hr after Ecc15 infection (Figure 5B).
Atg9-dTRAF2 interaction and JNK phosphorylation were
dramatically decreased 8 hr after Ecc15 infection. Of special
note, we found that rapamycin-induced autophagy abrogated
Atg9-dTARF2 interaction in response to Ecc15 infection (Fig-
ure 5B). Moreover, knockdown of Atg12 results in sustained
Atg9-dTRAF2 association even 8 hr after Ecc15 infection (Fig-
ure S6A). These results together indicate that activation ofFP-Atg8a puncta formation and reduced the level of phospho-JNK. (H) Clonal
d the levels of phospho-JNK.Midguts of adult flies were stainedwith DAPI, anti-
xperimental Procedures for genotypes.
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Figure 4. Atg9 and dTRAF2 Are Required for
Intestinal Stem Cell Proliferation in
Response to Oxidative Stress
(A and B) Compared to the midguts of control flies
(esgts>GFP) (A), ingestion of paraquat induced a
marked increase in the number of GFP-positive
cells (B). The esg-Gal4/UAS-GFP marks both in-
testinal stem cells (ISCs) and enteroblasts.
(C–F) Overexpression of BskDN or depletion of
Atg9 and dTRAF2 markedly reduced the number
of GFP-positive cells upon paraquat treatment.
Dominant negative form of Bsk (BskDN) (C),
dTRAF2RNAi (D), Atg9RNAi (E), or Atg12RNAi (F) were
expressed under the control of esgts>GFP.
Cellular nuclei were depicted with DAPI staining
(blue).
(G) Atg9 and dTRAF2 are required for JNK acti-
vation in ISCs and enteroblast progenitors in
response to oxidative stress. Compared to the gut
cells of unchallenged flies, control flies fed with
paraquat caused a marked increase of JNK
phosphorylation. Ectopic expression of BskDN,
dTRAF2RNAi, or Atg9RNAi, using esgts>GFP mark-
edly reduced paraquat-induced JNK activation in
ISCs and enteroblast progenitors. Midguts of adult
flies were stained with DAPI, anti-phospho-JNK,
and anti-Delta antibodies. Scale bar, 20 mm.
(H) Quantification of PH3-positive cells per midgut
of unchallenged flies (UC) or flies fedwith paraquat
for 4 hr. The guts from flies as described in (A)–(F)
were dissected and stained with anti-PH3 anti-
body and quantified as shown. nR 20.
(I) Quantification of Delta-positive cells of midguts
of unchallenged flies (UC) or flies fedwith paraquat
for 4 hr. The guts from flies with the indicated ge-
notypes were dissected and stained with anti-
Delta antibody and quantified as shown. n R 10.
Data are represented as mean ± SD. The p value
was obtained from Student’s t test. *p < 0.05, **p <
0.01, ***p < 0.001.
See also Figure S5.
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JNK activity by disrupting the association between Atg9 and
dTRAF2.
We next investigated whether induction of autophagy is able
to inhibit the oxidative stress-induced JNK activation. Strikingly,
activation of autophagy by feeding flies with rapamycin, a spe-
cific inhibitor of Tor, effectively blocked JNK activation and ISC496 Developmental Cell 27, 489–503, December 9, 2013 ª2013 Elsevier Inc.proliferation under oxidative stress condi-
tions (Figures 5B, 5D, S6F, and S6G).
Consistent with this, we found that induc-
tion of autophagy by knocking down Tor
(TorRNAi) or by overexpression of Atg1, a
dominant-negative Tor (TorTED), or TSC1
and TSC2 caused a similar inhibitory ef-
fect (Figures 5C and 5D, and S6B–S6H).
In addition to its role in ISC proliferation,
the JNK pathway has been implicated in
the death of damaged intestinal epithelial
cells after bacterial infection (Apidianakis
et al., 2009; Buchon et al., 2010). Activa-tion of JNK has been shown to induce enterocyte apoptosis
and promote ISCs proliferation that acts as a compensatory
mechanism to maintain gut homeostasis (Apidianakis et al.,
2009); however, the underlying molecular mechanisms remain
elusive. To determine the role of Atg9 and dTRAF2 in this pro-
cess, Drosophila adult midgut was stained with cleaved cas-
pase-3 upon paraquat ingestion. As shown in Figure S6I,
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induced delamination and anoikis of enterocytes. Moreover,
inhibition of autophagy by Atg12 depletion caused a dramatic
increase in cell death during prolonged oxidative stress
stimulation (Figure 5E). Strikingly, ablation of Atg9 suppressed
Atg12RNAi-induced excess cell death (Figure 5E). Altogether,
these results indicate that autophagy functions as a negative
feedback regulator for JNK-mediated ISC proliferation and cell
death to maintain Drosophila gut homeostasis during oxidative
stress conditions.
Atg9 Regulates Oxidative Stress-Induced JNK
Activation in Mammalian Cells
Activation of JNK is also observed in mammalian cells exposed
to oxidative stress (Chen et al., 2001; Iordanov and Magun,
1999). To investigate whether Atg9-dTRAF2-mediated JNK acti-
vation was conserved in mammalian cells, we first performed
transient transfection experiments to assess the interaction be-
tween mammalian Atg9 (mAtg9) and TRAF6, the human homo-
log of dTRAF2. Consistent with our observation in Drosophila,
coimmunoprecipitation assay revealed that mAtg9 physically
interacted with TRAF6 (Figure 6A). We further found that
shRNA-mediated knockdown of mAtg9 and TRAF6 abrogated
hydrogen peroxide (H2O2)-induced JNK activation in MCF7 cells
(Figures 6B–6D). These results suggest that the role of Atg9 in the
regulation of JNK activation under oxidative stress conditions
was conserved in both Drosophila and mammalian cells.
Next, we tested whether autophagy also acts as a negative
feedback regulator of ROS-induced JNK activation in mamma-
lian cells. We found a marked increase of JNK phosphorylation
within 30 min after the treatment of H2O2 in MCF7 cells (Fig-
ure 7A). The H2O2-induced JNK activation began to decrease
after 4 hr, coinciding with an increase of autophagic activity (Fig-
ure 7A). Consistent with our observation in Drosophila, the inter-
action between mAtg9 and TRAF6 was markedly decreased
after treating cells with H2O2 for 8 hr (Figures 7C and 7D). Inhibi-
tion of autophagy by the PI(3)K inhibitor 3-methyladenine (3-MA)
or depletion of Atg5 resulted in prolonged JNK activation and
mAtg9-TARF6 interaction upon H2O2 treatment in MCF7 cells,
compared to controls (Figures 7A–7C and S7A). Moreover, in-
duction of autophagy by rapamycin abrogated mAtg9-TRAF6
interaction and H2O2-induced JNK phosphorylation (Figures
7D and S7B), suggesting that autophagy negatively regulates
oxidative stress-induced JNK activation in mammalian cells.
DISCUSSION
The Atg9 transmembrane protein plays an essential role in auto-
phagy pathway in yeast and mammals (Webber and Tooze,
2010b). In this study, we found that Drosophila Atg9 is also
required for autophagy induction upon nutrient deprivation or un-
der oxidative stress conditions. More importantly, we uncovered
a role for Atg9 in regulating the JNK signaling pathway. Upon
bacterial infection, Atg9 interacts with dTRAF2 to activate
JNK-mediated autophagy induction and epithelium renewal in
Drosophila gut cells. The role of Atg9 in activating JNK signaling
was also observed in mammalian cells. Moreover, we found that
ROS-induced autophagy in turn inhibits JNK signaling via a
negative feedback mechanism by dissociation of Atg9 fromDevelopmdTRAF2 and TRAF6 in Drosophila and mammalian cells,
respectively.
Atg9 is a highly conserved and the only multi-spanning trans-
membrane Atg protein essential for the formation of autophago-
somes. In yeast, Atg9 cycles between the preautophagosomal
structure (PAS) and peripheral cytoplasmic structures (Mari
and Reggiori, 2007). Recently, using single particle tracking,
Yamamoto and colleagues found that yeast Atg9 exists as highly
motile vesicles that contribute to PAS formation (Yamamoto
et al., 2012). In mammalian cells, mAtg9 is localized mainly to
the trans-Golgi network and endosomes (Young et al., 2006).
However, upon nutrient starvation, mAtg9 is enriched in endoso-
mal pools and undergoes a dynamic interaction with forming
autophagosomes (Orsi et al., 2012). Here, we found that
Drosophila Atg9 not only distributed in cytoplasm, but also
concentrated at cell-cell junctions, suggesting Atg9 may have
additional roles besides its function in autophagy. For example,
it has been reported that mAtg9 can function as a regulator for
dsDNA-triggered innate immune response (Saitoh et al., 2009).
The involvement of Atg1/Ulk1 in Atg9 trafficking has been
described in yeast and mammalian cells (Reggiori et al., 2004;
Young et al., 2006). Consistent with these findings, we found
that Drosophila Atg9 redistributed from peripheral pools to form-
ing autophagosomes in an Atg1-dependent manner (data not
shown). Scott and colleagues previously reported that overex-
pression of Drosophila Atg1 induces cell death (Scott et al.,
2007). Interestingly, we found that overexpression of Atg1 did
not induce JNK activation and the Atg1-induced cell death could
not be rescued by inhibition of JNK signaling (unpublished data).
Our findings highlight that, in addition to its role in autophagy,
Atg9 plays a role in the regulation of JNK activation in response
to oxidative stress.
The JNK signaling pathway is one of the mitogen-activated
protein kinase (MAPK) cascades involved in stress responses.
Activation of the JNK pathway has been implicated in a number
of biological processes including cell proliferation, survival,
apoptosis, and migration (Johnson and Nakamura, 2007;
Weston and Davis, 2007). The involvement of JNK in both proap-
optotic and anti-apoptotic activities indicates a complex func-
tion of the JNK pathway, whereas the molecular mechanism
that regulates JNK to mediate both processes remains elusive.
Our study showed that ectopic expression of Atg9 in the devel-
oping wing and eye leads to JNK activation and apoptotic cell
death. Moreover, our results provided evidence that, upon
ROS stimulation, Atg9, but not Atg12, is required for JNK-medi-
ated intestinal stem cell proliferation and autophagy induction in
Drosophila. These results indicate that Atg9 may play a critical
role in regulating JNK-mediated cell survival and apoptosis.
We further showed that Atg9 regulated JNK signaling via its
association with dTRAF2 and TRAF6 in Drosophila and mam-
mals, respectively. GST-pull down assay revealed that the C
terminus of Drosophila Atg9 can interact with dTRAF2. To our
surprise, Atg9 lacking the C-terminal region can still promote
JNK activation and cell death. One possibility is that Atg9 may
interact with dTRAF2 through multi-regions. On the other hand,
yeast Atg9 has been shown to self-interact through the C termi-
nus, and Atg9 self-association is critical for its function in auto-
phagy (He et al., 2008). Sequence analysis revealed that
Drosophila Atg9 also contains the conserved self-interactingental Cell 27, 489–503, December 9, 2013 ª2013 Elsevier Inc. 497
Figure 5. Activation of Autophagy Inhibits Oxidative Stress-Induced JNK Signaling and Atg9-dTRAF2 Interaction
(A)Actin5C-Gal4 control or actin5C>Atg12RNAi flies were challengedwith Ecc15 for 4 hr. The flymidgut lysates were then used for immunoblotting with antibodies
as indicated. Numbers below lanes indicate band intensity relative to that of uninfected flies.
(legend continued on next page)
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Figure 6. Mammalian Atg9 Interacts with
TRAF6 to Regulate Oxidative Stress-
Induced JNK Activation
(A) mAtg9 physically interacts with TRAF6.
HEK293T cells transfected with V5-tagged mAtg9
were subjected to immunoprecipitations with anti-
V5 antibody. The immunoprecipitated proteins
and the total cell lysates were analyzed by immu-
noblotting with anti-TRAF6 and anti-V5 anti-
bodies.
(B and C) Western blot analysis of mAtg9 and
TRAF6 expressions in MCF7 cells stably trans-
fected with control (shLuc),mAtg9 (B), and TRAF6
(C) shRNA.
(D) mAtg9 is essential for JNK activation upon
hydrogen peroxide (H2O2)-induced oxidative
stress. MCF7 cells stably infected with lentivirus-
expressing control (shLuc), TRAF6, or mAtg9
shRNA were cultured in DMEM medium with or
without the treatment of hydrogen peroxide for
20 min. Effects of mAtg9 and TRAF6 knockdown
on hydrogen peroxide-induced JNK activation
were analyzed by immunoblotting with antibodies
as indicated.
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Atg9 Regulates JNK Signaling and Autophagymotif (VGNVC) between amino acids 560 and 564. It is possible
that Atg9DC may exert its function in regulating JNK activity by
interacting with the endogenous Atg9.
TRAF6 functions as a RING-domain containing ubiquitin ligase
involved in a variety of biological processes including adaptive
and innate immunity, bone metabolism and tissue development
(Inoue et al., 2007; Pineda et al., 2007). TRAF6 is required for
interleukin-1 (IL-1) and transforming growth factor-b-mediated
JNK activation (O’Neill, 2002; Sorrentino et al., 2008; Yamashita
et al., 2008). In Drosophila, dTRAF2 plays a role in Eiger/Wegen(B) Autophagy activation by rapamycin caused the dissociation between Atg9 and dTRAF2 in Ecc15-infecte
bated in the presence or absence of rapamycin for 6 days, and then challenged with Ecc15 for the indica
immunoprecipitation with anti-Atg9 antibody. The immunoprecipitates and cell lysates were analyzed by we
(C) Autophagy activation by overexpressing Atg1, TorRNAi, and TSC1-TSC2, or by rapamycin treatment inhibit
Atg1, TorRNAi, or TSC1-TSC2 was expressed using esgts>GFP. The flies raised at 18C were shifted to 29C
absence of rapamycin, and then fed with 40 mM paraquat for 4 hr. Cellular nuclei were depicted with DAPI
(D) Quantification of PH3-positive cells per midgut of unchallenged flies (UC) or flies ingested with paraquat f
dissected and stained with anti-PH3 antibody and quantified as shown. nR 20. Data are represented as me
t test. ***p < 0.001.
(E)Actin5C-Gal4 control or flies overexpressingAtg9RNAi,Atg12RNAi, orAtg9RNAi andAtg12RNAiwere fedwith p
with DAPI (blue) and anti-cleaved caspase-3 antibody (red). Scale bar, 20 mm.
See also Figure S6.
Developmental Cell 27, 489–503,(TNF/TNFR)-induced JNK signaling (Xue
et al., 2007). How does Atg9 regulate
TRAF-mediated JNK activation? One
mechanism may be that Atg9 associate
with TRAF6 to modulate its ubiquitin
ligase activity. Indeed, our recent study
indicates that Atg9 interacts and pro-
motes TRAF6 ubiquitination (unpublished
data). Alternatively, because Atg9 is a
membrane protein with diverse subcellu-
lar localization, Atg9 may bind and target
TRAF6 to peripheral membrane regions in
response to bacterial infection and oxida-tive stress. These two mechanisms need not be mutually exclu-
sive and can occur together.
Recent studies suggested there to be a complex relationship
between the JNK pathway and autophagy. On the one hand, un-
der nutrient starvation conditions, JNK has been found to phos-
phorylate Bcl-2, leading to the dissociation of Bcl-2 from beclin 1
and the activation of autophagy (Wei et al., 2008). JNK signaling
also activates autophagy via the upregulation of ATG gene
expression in response to oxidative stress and oncogenic trans-
formation (Kim et al., 2011; Wu et al., 2009). On the other hand,d flies. The actin5C>Flag-dTRAF2 flies were incu-
ted times (2, 4, and 8 hr). The guts were lysed for
stern blot with antibodies as indicated.
ed gut epithelium renewal upon paraquat ingestion.
(3 days after eclosion) for 6 days in the presence or
staining (blue).
or 4 hr. The guts from flies as described in (C) were
an ± SD. The p value was obtained from Student’s
araquat for 8 hr. Midguts of adult flies were stained
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Figure 7. Autophagy Negative Feedback
Regulates Oxidative Stress-Induced JNK
Activation
(A) MCF7/GFP-LC3 cells stably infected with
lentivirus-expressing control (shLuc) or Atg5
shRNA were cultured in DMEM medium with the
treatment of hydrogen peroxide for the indicated
times (0.5, 1, 2, 4, and 8 hr). Cell lysates were
immunoblotted with indicated antibodies.
(B) Western blot analysis of Atg5 expressions in
MCF7 cells stably transfected with control (shLuc)
and Atg5 shRNA.
(C)MCF7 cells stably expressing control (shLuc) or
Atg5 shRNA were transfected with V5-tagged
mAtg9 and then incubated in the presence or
absence of H2O2 (2 mM) for the indicated times
(0.5, 2, and 8 hr). Cell lysates were subjected to
immunoprecipitation using anti-V5 antibody. The
immunoprecipitated proteins and the total cell
lysates were analyzed by immunoblotting with
anti-TRAF6 and anti-V5 antibodies.
(D) MCF7 cells transfected with V5-tagged mAtg9
were treatedwith or without rapamycin for 3 hr and
then challenged with H2O2 for the indicated times
(0.5, 2, and 8 hr). Cell lysates were immunopre-
cipitated with anti-V5 antibody and immuno-
blotted with indicated antibodies.
(E) Proposed model of coordinated regulation of
JNK activity during oxidative stress. In response to
oxidative stress, Atg9/mAtg9 interacts with
dTRAF2/TRAF6 to activate JNK, which in turn
triggers the oxidative stress responses, e.g.,
epithelium renewal and death of Drosophila gut
and autophagy. The induction of autophagy cau-
ses Atg9/mAtg9 to dissociate from dTRAF2/
TRAF6 and leads to a decrease of JNK activity.
See also Figure S7.
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phagy in neurons (Xu et al., 2011). It is interesting to note that,
although Atg9 overexpression activates JNK, our data showed
that Atg9 overexpression could not induce autophagy in the
larval fat body. Because Atg9 promotes JNK activation through
its association with dTRAF2, dTRAF2 may not be expressed in
the fat body. Indeed, RNA expression analysis reveals that
dTRAF2 expresses in the fat body at a relatively low level (Fly-
Base: modENCODE RNA-Seq data for dissected tissues). Alter-
natively, it has been reported that JNK overexpression activates
autophagy independently of Atg1 and nutrient signal (Chang and
Neufeld, 2009). However, our results showed that Atg9 interacts
with Atg1 and is required for starvation-induced autophagy.
Overexpression of JNK may induce a noncanonical autophagy
that is independent of ‘‘core Atg proteins.’’
The current study also demonstrates that autophagy can act
as a negative feedback regulator for JNK activation upon oxida-
tive stress. Inhibition of autophagy in flies fed with Ecc15 or para-500 Developmental Cell 27, 489–503, December 9, 2013 ª2013 Elsevier Inc.quat resulted in a substantial increase in
JNK activity, which led to increased ISC
proliferation and cell death in adult
Drosophila midgut. In mammalian cells,
depletion of Atg5 led to prolonged JNK
activation during hydrogen peroxide-induced oxidative stress. Moreover, activation of autophagy by
rapamycin effectively blocked the interaction between Atg9
and TRAF6 and inhibits ROS-induced JNK activity. Considered
together, our findings together indicate an important role of auto-
phagy in restricting JNK activity by modulating the interaction
between Atg9 and TRAF6 in response to oxidative stress (Fig-
ure 7E). In conclusion, our work establishes a regulatory mecha-
nism between Atg9, autophagy, and the JNK signaling pathway
during oxidative stress conditions.
EXPERIMENTAL PROCEDURES
For additional information concerning plasmid constructs, antibodies and re-
agents, bacterial infection, and compound treatment, please refer to the Sup-
plemental Experimental Procedures.
Drosophila Strains and Genetics
All flies were raised and crossed at 25C except where indicated. The
Drosophila strains used in this study were: UAS-Atg7RNAi, UAS-Atg12RNAi,
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Atg9 Regulates JNK Signaling and AutophagyUAS-GFP-Atg8a, r4-mCherry-Atg8a Act>CD2>GAL4 UAS-GFP-nls (Arsham
and Neufeld, 2009; Scott et al., 2004), UAS-Eiger, UAS-Flag-dTRAF2, UAS-
dTRAF1RNAi (Xue et al., 2007), pucB48-LacZ (Martı´n-Blanco et al., 1998), esg-
Gal4 UAS-GFP; tubulin-Gal80ts (Amcheslavsky et al., 2011), UAS-Atg9RNAi
(VDRC 10045), and UAS-dTRAF2RNAi (VDRC 16125). The GAL4 lines, UAS-
TorRNAi, and UAS-p35 were obtained from the Bloomington Stock Center.
NP1-Gal4 was a gift of Y.-C. Tsai (Tunghai University, Taiwan). UAS-TSC1
and UAS-TSC2 were gifts from H. Sun (IMB, Academia Sinica). UAS-BskDN
and UAS-Puc were gifts from J.-C. Hsu (National Tsing Hua University,
Taiwan). The GFP-Atg8a-marked clones in adult midguts were generated
using a heat shock flip-out technique. Newly eclosed flies were collected
and heat shocked for 30 min at 37C, followed by 5 days of recovery at
room temperature prior to dissection.Cell Culture and Transfection
HEK293T and MCF7 cells were cultured at 37C in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum (FBS). For oxidative stress, cells
were treated with 2 mM hydrogen peroxide (Sigma) in 10% FBS-containing
DMEM medium with or without 2 mM rapamycin (Merck) or 10 mM 3-methyla-
denine (3-MA; Sigma) as indicated. Turbofect reagent (Fermentas) was used
for transfection.Immunofluorescence
The entire gastrointestinal tract was pulled from the posterior end, fixed with
4% paraformaldehyde for 30 min, and then permeabilized with 0.3% Triton.
The subsequent incubations with antibodies were performed in a solution
containing PBS, 5% goat serum, and 0.3% Triton X-100. Samples were exam-
ined using an epifluorescent microscope (Olympus BX51) or a confocal laser
scanning microscope (LSM510; Carl Zeiss).Immunoblotting
The cell or fly lysates were boiled in SDS sample buffer, run on polyacrylamide
gel, and then transferred to Immobilon-P polyvinylidene fluoride (PVDF)
membrane (Millipore). The blot was probedwith primary antibody and followed
by horseradish peroxidase-conjugated secondary antibody against IgG light
chain (Millipore). Signal was detected with enhanced chemiluminescence
(ECL; Millipore). The signal intensities were analyzed using ImageJ software
(NIH).Statistical Analysis
Statistical analysis was performed by Student’s t test. Differences were
considered significant if p values were less than 0.05 (*), 0.01 (**), or 0.001 (***).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2013.10.017.ACKNOWLEDGMENTS
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